The Sewage Sludge Directive 86/278/EEC was adopted about 30 years ago with a view to encourage sewage sludge reuse in agriculture and to regulate its use. Meanwhile, some EU Member States have adopted stricter standards and management practices than those specified in the Directive. In particular, the majority of Member States has introduced more stringent standards for sludge quality, including stricter limits for most potentially toxic elements, organic contaminants and other elements. In general, untreated sludge is no longer applied and in several Member States it is prohibited. In some cases, stringent standards have resulted in an effective ban on use of sludge in agriculture. Moreover, the implementation of the Urban Wastewater Treatment Directive 91/271/EC should increase EU production of sewage sludge, thus enhancing problems related to sustainable sewage sludge management. Additionally, European legislation prohibits the landfill and water deposits of sewage sludge. The latest trends in the field of sludge management, ie combustion, pyrolysis, gasification and co-combustion, have generated significant scientific interest. This trend is specially strong visible in "new" EU Members countries which have to introduce strong EU Directive in their low system. Here the review the state of knowledge and technology in thermal methods for the utilization of municipal sewage sludge to obtain useful forms of energy such as pyrolysis, gasification, combustion, and co-combustion taking into consideration Poland situation is presented.
Introduction
The management of sewage sludge, which is the sludge originating from the process of treatment of wastewater, is a problem of great concern in Europe. In fact, about 10 -12) . A difference in per capita sewage sludge production may exist between old and new Member States since a different level of implementation of the Urban Wastewater Treatment Directive (UWWTD) [2] can be observed. The UWWTD, which regulates the treatment to be dispensed to the wastewater from municipal and industrial origins, obliged all EU Member States to connect all the agglomerations of more than 2,000 person equivalent to systems for the collection and treatment of municipal wastewater [2] . The deadline for the implementation of the directive in old EU-15 was 2005, while for the new EU-12 some of the transitional periods that were granted on the basis of the size of agglomerations and the nature of the discharge area are still in force. As a result, EU-15 has achieved a 97% compliance rate of the directive, while EU-12 is still far from reaching the final objective, being at 72% of the compliance rate [3] . In particular, 9 countries have achieved the maximum compliance rate so far, 18 countries have levels of collection beyond 95% of compliance, while only 5 countries (all EU-12) collect less than 50% of the load that should be collected.
Since the improvement of collecting and treatment systems for wastewater in a country leads to the increase of annual sludge production [4] , a further increase of the total sludge production in Europe is expected in the upcoming years, because of the increasing compliance with the requirements of the UWWTD (1991), in particular in EU-12, while in EU-15 the implementation of this directive has already led to a 50% increase of annual sewage sludge production from 1992 to 2005 [5] . It is therefore urgent to find a solution to the problem of sewage sludge disposal, which has faced increasing issue in the EU Member States in the last years.
Sewage sludge disposal routes should be designed coherently with the waste hierarchy introduced by the Waste Framework Directive [6] , which indicates an order of preference for action to reduce and manage waste, ie prevention, minimisation, reuse, recycling, energy recovery and, as a final and undesired option, landfilling. The amount of sewage sludge disposed of in landfills is intended to rapidly decrease in upcoming years, since the Landfill Directive [7] obliges the Member States to reduce the amounts of biodegradable waste (and, so, of sewage sludge, which a biodegradable waste) sent to landfill to 35% of 1995 levels by 2016. This implies that landfilling of sewage sludge will be excluded from the possible disposal solutions in the long term and no significant amounts of sewage sludge are expected to go regularly to landfill in the EU-27 by 2020 [1] .
Sewage sludge contains harmful substances such as heavy metals, poorly biodegradable organic compounds, bacteria, viruses [8] , pharmaceuticals and hormones [9] , dioxins, which make its disposal management difficult. The sewage sludge could be considered, in its dry form, to be a special type of biomass due to the high quantity of organics and the sufficiently high calorific value [10] of the sludge. In this context, thermal conversion of sewage sludge (combustion, co-combustion, gasification and pyrolysis) appears to be most promising alternative for the management of this waste that will be produced in the future according to a sustainable route.
The present paper is written to review the state of the art in thermal technologies for sewage-sludge utilization taking into account the existing facilities and Polish perspective.
Sewage sludge production in Poland
Poland is inhabited by 38.2 million people with an average population density of 122 persons per square kilometer, and has a territory of 322,577 km 2 , of which 311,904 km 2 is occupied by land. In the year 2013, in 4,296 (both municipal and industrial) Polish sewage-treatment plants more than 1,100 thousand tons of municipal and industrial sewage sludge (d.m.) was produced. In Poland, 98% of municipal wastewater treatment plants use a biological treatment, and, among them, 36% with enhanced biogenic removal. In the EU, 50% of sewage-treatment plants have anaerobic digestion, 18% incorporate aerobic digestion and 4% lime stabilization, whereas 24% of the plants undertake no sludge stabilization; the same tendencies are observed in Poland [11] . In 2008, wastewater-treatment plants serviced only 70.3% of the population (93.3% in urban areas and 35.3% in rural areas, where about 39% of the population lives) [12] ; by comparison, in the countries of Western Europe, more than 78% of the population is serviced by waste treatment plants. In Poland, only 388 from 794 cities possessed a modern waste-treatment plant with enhanced nitrogen and phosphorus removal. In these plants, 918 hm 3 of waste was treated, which accounts for 73% of the waste discharged through urban and rural sewerage systems. This ratio fluctuates around 70% in most countries. The average unit index of sewage sludge generated in Polish municipal wastewater-treatment plants amounts to 0.25 kg d.m./m 3 of treated wastewater. Table 1 presents the quantities of municipal sewage sludge produced in Poland in the years 2005-2013 along with the anticipated amount in the future [12] . Table 1 The amount of municipal sewage sludge produced in Poland in the period 2005-2013 [12] (and the anticipated amount in the future) According to the objectives of the National Waste Management Plan 2014 (NWMP) [13] as well as the National Urban Wastewater Treatment Program (NUWTP) [14] , the quantity of sewage treated in Poland is systematically increasing. A measurable effect of this is, first of all, the increasing proportion of the population being served by sewage treatment, but also the growth of the amount of produced sewage sludge (and sewage). On the basis of demographic projections, it is estimated that the quantity of sludge which will be produced in Poland between the years 2013 and 2018 will increase from 540.3 thousands Mg (d.m.) to 706.6 thousands Mg (d.m.) [12] .
Currently, the predominant method for the disposal of sewage sludge is its storage and agricultural application. Nevertheless, thermal methods are going to be also an important rout in sludge management. Table 2 presents the current structure of the municipal sewage-sludge management system [12] .
In terms of the commitments derived from the introduction of European Union (EU) Directives, this structure of sewage-sludge utilization in Poland is still quite unfavorable. The main problems are the high percentage of stored sewage sludge and a lack of installations for its thermal utilization. Thermal processes can be used for the conversion of large quantities of sewage sludge (eg in large urban areas) into useful energy. Processes for thermal utilization of sludge can be developed at existing installations (eg heating plants, power plants, or cement plants) or in newly built facilities. Thermal methods of sewage-sludge utilization should be preceded by dehydration and drying of sludge. 
Characteristics of sewage sludge
To determine the usefulness of sewage sludge for thermal transformation it is necessary to know its basic physical and chemical characteristics. The elementary composition of sewage sludge and the contents of trace elements and inorganic compounds depend on many factors, but it may play a central role for the country or region of the world. Table 3 shows an average sample of elementary stabilized and dried sewage sludge [15] in comparison to conventional biomass. Analyses this table it can be concluded that dried sewage sludge are characterized by lower content of carbon, oxygen and volatile matter in comparison to biomass. The lower heating value of sewage sludge is also lower in comparison to biomass. Nevertheless, sulphur and ash content in sewage sludge are much higher in comparison to analyzed examples of agriculture and wood waste biomass.
Drying
Drying is relatively simple technological operation of delivering energy to the system to evaporate the water resulting its densification. In Poland there are 29 installations for sewage sludge drying (including 12 solar drying installations) [16] . Figure 1 presents the location of the mechanical and drying installation of sewage sludge. Additionally, in Table 4 main characteristic of these installations is presented. Analyzing the data presented in this table, it can be concluded that among the mechanical dryers, the most popular systems are based on the belt dryer. Nevertheless, two the biggest mechanical installations (Poznan and Wroclaw) are based on drum and vertical tray dryer system. Fig. 1 . Location of the mechanical and drying installation of sewage sludge in Poland [16] Another way of the sewage sludge drying is solar drying process. Solar sludge drying has acquired significant interest over the last years. This way of sewage sludge drying in greenhouses, in particular, is a low maintenance system, where the demand for thermal energy is entirely covered by the sun. However, data concerning process performance under typical Polish conditions, which are characterized by low annual solar radiation and temperature, is not very optimistic. 
Combustion and co-combustion with fossil fuels and waste
Combustion is the most popular way used for the processing and management of sewage sludge. This process significantly reduces volume of disposed sewage sludge. Conventional combustion usually must be preceded by pre-drying of sewage sludge to 18-35% d.m. content [17] , usually about 25% [18] . In recent years, in Poland 12 sewage sludge combustion installations were built. In Figure 2 localization of these installations is presented.
Most of these examples are based on the fluidized bed technology (eg Pyrofluid TM ,
Thermylis ®
). This tendency is also visible in other countries all over the world. The papers [19] [20] [21] presented the results of the combustion of sewage sludge in a bubbling-fluidized-bed combustor. The emission of nitrogen oxides and ash comminution were analyzed with the aid of different and complementary experimental protocols. In bubbling-fluidized-bed combustors, granular sewage sludge is rapidly mixed due to the turbulence of the bed. As a result of the mechanical action of the grains, the ash agglomerates formed during combustion are fragmented. Rapid equalization of the temperature and the high heat-transfer coefficient result in an intense and even combustion process, ensuring low emissions of NO x . Shimizu and Toyono presented a study of a process for combustion of sewage sludge in a circulating fluidized bed [22] . In this type of bed, the gas from the reactor passes through the combustion chamber with a significantly higher velocity than in the bubbling fluidized bed; thus, a very high degree of mixing and uniform combustion are achieved. Sometimes, when prepared for combustion material has a low LHV, it is necessary to design co-combustion process with other fuel (coal, waste, etc.). Taking into consideration Polish situation, the most promising solution is co-combustion in coal fired dust boilers. Stelmach and Wasilewski reported a Polish experimental co-firing of sewage sludge with coal in a type OP-230 dust boiler in a thermal-electric power station in Gdansk [23] . They concluded that co-combustion, with the addition of sludge at 1% of the total mass of fuel, does not require structural changes to the boiler. Moreover, the process did not significantly affect the efficiency of the boiler. The authors drew the overall conclusion that the thermal utilization of sewage sludge is highly promising. Another Polish example of sewage-sludge co-combustion with coal was in a thermal-electric power station in Rzeszow. Tests with co-combustion of sewage sludge in a WR-25 stoker boiler were conducted [24] . Kotlicki presents properties of sludge originating from Polish sewage treatment plants [25] . The purpose of an analysis is consideration of sewage sludge co-firing in power plant. The influence of sludge drying on its heat value is presented in simulation as well as possibilities to produce a renewable energy in power plant. There is concluded that sewage sludge may be in small quantities (a few percent) successfully burned in boilers without any negative consequences. In [26] environmental aspects of sludge from sewage-treatment plant treatment during co-combustion in energetic boilers are presented. Detailed study on thermal treatment of sludge during co-combustion in energetic boilers is given. The analysis of costs and benefits of application of those technologies are presented. On the basis of data obtained form heating plant Gliwice the possible quantity of sludge for utilization was calculated. The mass and energy flows during co-combustion were analyzed as well as economic aspects of the process. The results showed that the use of sewage sludge did not result in exceeding emission standards and operation costs of installation.
Sewage sludge can also be co-combusted with lignite [27] , wood [28] , or municipal waste [29] . Municipal waste is an especially good material for co-combustion with sewage sludge [30] . There exist a whole range of technologies for the co-combustion of sewage sludge with municipal wastes: wood boilers, fluidized-bed boilers, furnaces for kilning bricks, cement furnaces or rotary furnaces [31] . One example is the Siemens Schwell-Brenna Technology, in which crushed wastes are mixed with sewage sludge [31] . In this method, a rotary kiln is used and the pyrolysis process is run at a temperature of 450ºC. Post-process residues, consisting of about 30% of carbon, are supplied to the boiler, where they are burned together with the gas at a temperature of around 1,300ºC. The recovered heat is used, eg, for the heating of the charge.
An important method for the utilization of sewage sludge is by co-firing in rotary kilns for the processing of cement. Zabaniotou and Theofilou presented the results of studies on sewage-sludge combustion in this type of furnace [32] . Wet sludge was utilized, and the analysis was focused on the emission of heavy metals, especially mercury. The results showed that the use of sewage sludge did not result in exceeding emission standards. This was mainly due to the high temperature (up to 1,800ºC), providing for a total decomposition of organic matter [32] . Additionally, in this type of furnace, the gas-residence time is much longer than in the conventional equipment for the combustion of sewage sludge. Moreover, the combustion is affected in a highly alkaline environment so that the acidic components of the exhaust gases are chemically bound.
Pyrolysis and gasification
Generally it can be assumed that pyrolysis is a process of degradation (breakdown) of chemical molecules under the influence of a sufficiently high temperature (300-900ºC [33] ) in an anaerobic environment [34] . The main groups of products arising from the pyrolysis of sewage sludge are as follows [33, 35] : • A gas fraction, mainly consisting of hydrogen, methane, carbon dioxide, and carbon monoxide, along with a few minor gases; the calorific value of the pyrolytic gas is approximately 15 MJ/m 3 [36] .
• A solid fraction (pyrolytic coke); this also includes inert substances and dust with a significant content of heavy metals.
• A liquid fraction, consisting mainly of tars and oils, water, and organic compounds.
The relative proportions among the various pyrolytic components depend mainly on the temperature and pressure of process and also on the turbulence in the reactor and many other factors. The oil-from-sludge technology is based on pyrolysis [37] . The essence of this process is to submit sewage sludge containing 95% dry matter to pyrolysis at 450ºC for more than 30 minutes at atmospheric pressure. As a result, solid hydrocarbons and carbonization products (eg pyrolytic coke) are formed. Liquid hydrocarbons are also generated. The product can be used a raw material for use in many industries (eg petrochemical). A crucial process for the pyrolysis of sewage sludge is the Carver-Greenfield technology (C-R) leading to a refuse-derived fuel (RDF) [11] . This process provides for the possibility of simultaneously drying the sewage sludge before its combustion or gasification. The essence of the process is the mixing of raw sewage sludge with oil waste (eg used motor oil). The prepared mixture is passed through an evaporating system to remove all the water. After drying, the sludge is passed to a centrifuge to separate the liquid phase from the particles. The result is a solid waste and the liquid phase is returned to the installation for use as fuel.
Gasification is the process of converting a solid fuel into a gas by treating the solid fuel in a generator with oxygen, air, and steam, or by other gasification methods [34] . As shown in Marrero et al, gasification of sewage sludge leads to a high-quality flammable gas that can be used for the generation of electricity or support such processes as the drying of sewage sludge [38] . The lower heating value of the gas after gasification varies around a value of 4 MJ/m 3 . The gas obtained can be used to generate electricity or to produce heat for the drying of sewage sludge [39] . An important aspect of the process of the gasification of sewage sludge is the production of hydrogen. Mathieu and Dubuisson presented a possibility for producing hydrogen by means of a high-temperature gasification process [40] . There are many applications of the gasification process. Bien quotes a number of sewage-sludge gasification technologies [36] . The Krupp Uhde PreCon technology is one example. Here dry sewage sludge is gasified in a fluidized-bed reactor. After the removal of the metallic and inorganic components, the crushed material is dried to a moisture content of 10% and put into a reactor at a temperature of 700-1,000ºC.
In Poland, gasification of sewage sludge is still largely a prospective technology. It is associated with the extensive experience in biomass gasification; therefore, there it is natural to build on this experience. The installation by Zamer of an EKOD gasifier for the gasification and pyrolysis of sewage sludge is a good example. This fluidized-bed reactor is able to utilize 1.7 Mg/h of sewage sludge [41] . The solid fraction from the gasification goes to pyrolysis and the gas from gasification can be burned in the power-stoker boilers popular in Poland or, after purification, used in combined heating-and-power (CHP) systems.
The installation by Institute of Thermal Technology [42] is another example of sewage sludge gasification facility. This fixed bed reactor is able to utilize 5.0 kg/h of dried sewage sludge. The gas is used as a reburning fuel in small capacity of coal-fired boiler [43] . Additionally, properties of the gasification gas, like laminar flame speed, is determined [44] .
Conculsions
1. According to the prognosis, the stream of produced water-treatment and sewage sludge in Poland will grow; this follows foremost from the lifestyle changes of our society, but is also due to the increased percentage of the population connected to the sewerage network. 2. The legislated limits will determine the choices for sewage-sludge utilization; the disposal of sewage sludge in places other than hazardous-waste landfills, and even agricultural use will have to be replaced in the next few years by other methods. This is strong incentive to develop thermal methods of sewage-sludge utilization. 3. The National Urban Wastewater Treatment Program is the largest with regard to investment and the most expensive from among all the tasks resulting from the implementation of the EU directives in the field of environmental protection. 4. Thermal methods are a promising alternative, which must (and will) prevail for several years.
5. Classic combustion of sewage sludge is well-known and controllable, but because of the emissions of nitrogen oxides, heavy metals, and other harmful compounds, it raises many questions and social objections and requires large investments for the purification of flue gases. 6. Co-combustion of sewage sludge with other natural resources (coal, lignite, or wood)
or municipal waste has a good outlook and appears to be a satisfactory method for the management of sewage sludge. In adding only small quantities of sewage sludge in relation to the total mass of burned fuel, these methods do not require any additional investment. In Poland, circumstances would appear to indicate particular interest in the co-combustion of sewage sludge in dust and stoker boilers. To date, there are few Polish examples, but it is still a developing area of sewage-sludge utilization. 7. Alternative methods for the thermal utilization of sewage sludge (pyrolysis, gasification, or combined processes) are an important element in the wider problem of sludge disposal. There are many technologies that use gasification or pyrolysis (or a combination of these two). Their undoubted advantage, in addition to the disposal of sludge, is that it becomes possible to obtain a product that can be effectively used for the generation of energy. Polish conditions also appear to present a good opportunity to utilize this group of waste-disposal technologies.
